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Over the past several years -- in situ observations of 

the charged particle distributions within the earth's outer 

radiation zone have established the existence of large inten- 

sities of protons within the energy range 200 eV 4 E 4 1 MeV 

in this region. This proton distribution has been surveyed 

for the most part by two instruments. A scintillator-photo- 

multiplier instrument flown by Davis on Explorers 12 and 14 

[Davis and Williamson, 1963, 1966; Davis, 19651 yielded early 

measurements of the proton intensities within the energy 

range 100 keV 4 E < 1 MeV. These observations provided 

the impetus for advancing radial diffusion models for 

acceleration of energetic outer-zone protons [cf. Dungey, 

et al, 1965; Nakada and Mead, 1965: Nakada, -- et al, 1965; 

Hess, 19661. An extensive critique of the relationship 

of these proton intensities with those observed at higher 

energies, E B 1 MeV, has been given by Hess [1968] Later 

the intensities of lower-energy protonsd 200 eV 4 E 4 5 0  keV, 

were surveyed with a sensitive electrostatic analyzer array 

-- 
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flown on OGO 3 [Frank, 1967b, 1970b; Swisher and Frank, 

1968; Frank and Owens, 19701. These lower-energy proton 

distributions within the outer radiation zone are respon- 

sible in large part for the distortion of the distant 

magnetosphere by virtue of their relatively large energy 

densities and are fundamental to an eventual understanding 

of auroral and magnetotail phenomena. Enhancements of 

these proton intensities, i.e., of the extraterrestrial 

ring current, are mainly responsible for the decreases 

of magnetic field intensities measured at the earth's 

equator during main-phase geomagnetic storms. 

Our present interest is directed toward demonstrating 

that both the high- and low-energy proton distributions 

measured by the two aforementioned instruments are in fact 

the same proton distribution, i.e., the Explorer 12 and 14 

observations of proton intensities at 100 keV 4 E 4 1 MeV are 

measurements of the high-energy 'tail' of the ring-current 

proton spectrums measured with OGO 3 over 4.5 4 L 4 6.0 RE 

(RE, earth radii). To our knowledge only one attempt at 

comparing these two series of observations has been pub- 

lished [Frank, 1967al - This comparison was presented for 

two individual measurements differing significantly in 
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both  year  of  measurement and l o c a l  t i m e ;  no v i a b l e  func- 

t i o n a l  f i t  t o  t h e  e n t i r e  energy spectrum was, o r  could be, 

o f f e r e d  on t h e  b a s i s  o f  such l i m i t e d  obse rva t ions .  

Two exemplary proton d i f f e r e n t i a l  energy spectrums 

w i t h i n  t h e  e x t r a t e r r e s t r i a l  r i n g  c u r r e n t  f o r  a pe r iod  of 

r e l a t i v e  magnetic quiescence on 1 July 1966 a r e  presented  

i n  Figure 1. The instrument  measured pro tons  mi r ro r ing  

wi th in  15" of t h e  magnetic equator .  C h a r a c t e r i s t i c s  of 

t h e s e  ind iv idua l  observa t ions  o f  p r e s e n t  i n t e r e s t  are 

(1) a maximum o f  d i f f e r e n t i a l  i n t e n s i t i e s  a t  'b 10  keV 

and ( 2 )  smoothly d e c l i n i n g  d i f f e r e n t i a l  i n t e n s i t i e s  

over t h e  energy range extending from - 1 0  keV through t h e  

l o w e r  energy range t o  - 200 eT7. Ind iv idua l  observa t ions  

such a s  those presented  i n  Figure 1 demonstrate t h e  

gene ra l  cha rac t e r  o f  t h e  pro ton  spectrums wi th in  t h e  extra- 

terrestr ia l  r i n g  c u r r e n t ;  however, due t o  l a r g e  temporal 

f l u c t u a t i o n s  of i n t e n s i t i e s  [ c f .  Frank, 1967331 it is  

necessary t o  o b t a i n  average energy spectrums f o r  an extended 

pe r iod  of  observa t ions  i n  order t o  compare t h e s e  observa- 

t i o n s  wi th  those  o f  h igher  energy pro tons  with Explorers  

1 2  and 14.  The average d i f f e r e n t i a l  energy spectrums of  

proton i n t e n s i t i e s  over t h e  energy range 500 e V  4 E 4 50 keV 
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f o r  an extended pe r iod  o f  observa t ions  during June through 

J u l y  1966 w e r e  obtained from t h e  publ ished survey of  t h e s e  

proton i n t e n s i t i e s  by Frank and Owens [1970]. Measurements 

dur ing  t h e  pe r iods  o f  two moderate main-phase magnetic 

s t o r m s  w e r e  n o t  inc luded ,  The r e s u l t s  of  t h i s  averaging 

f o r  L = 4.5, 5.0 and 6.0 are summarized i n  Figure 2 .  The 

u n i t s  f o r  t h e  o r d i n a t e  s c a l e  f o r  a l l  observa t ions  shown i n  

Figure 2 a r e  d i r e c t i o n a l ,  d i f f e r e n t i a l  proton i n t e n s i t i e s  

a t  e q u a t o r i a l  p i t c h  angles  a0 = g o o ( &  loo). 

The observa t ions  o f  i n t e n s i t i e s  o f  higher  energy 

pro tons  100 keV G E 4 1 MeV a s  given by Davis [ c f .  Nakada 

and Mead, 19651 a t  L = 4.5,  5.0 and 6.0 and with e q u a t o r i a l  

p i t c h  angles  cy, = 90° a r e  a l s o  summarized i n  Figure 2 .  These 

measurements w e r e  gained with an instrument  measuring d i r ec -  

t i o n a l ,  i n t e q r a l  i n t e n s i t i e s .  Hence, i n  order  t o  conver t  t h e  

i n t e g r a l  i n t e n s i t i e s  t o  corresponding d i f f e r e n t i a l  i n t e n s i t i e s ,  

we  have sub t r ac t ed  corresponding i n t e g r a l  i n t e n s i t i e s  f o r  ad- 

j a c e n t  energy th re sho lds  of t h e  instrument  and have divided 

t h e s e  i n t e n s i t y  d i f f e r e n c e s  by t h e  energy range, i n  e V ,  be- 

tween t h e  ad jacen t  energy t h r e s h o l d s -  The h o r i z o n t a l  b a r s  fo r  

t h e  Explorer 1 2  observa t ions  a s  shown i n  F i g u r e  2 are coin- 

c i d e n t  with t h e s e  energy ranges.  For comparison with t h e s e  
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results we have included two measurements with a surface 

barrier detector flown on Mariner 4 [Krimigis and Armstrong, 

19661 for the proton spectrums at L = 4,5 and L = 5.0. 

These differential intensities were calculated from obser- 

vations of integral intensities via the aforementioned 

method. We judge that the conversion of all these 

measurements to a homogeneous set of units, i.e., protons 

(cm -sec-sr-eV) I is accurate to - 30%. The largest 

errorsp almost impossible to evaluate, may possibly arise 

from the disparity among the periods of measurements: 

Explorer 12 (1961), Mariner 4 (1964) and OGO 3 (1966) e 

2 -1 

However, the overall agreement among these three series 

of observations as summarized in Figure 2 is indicative 

of no severe differences in average proton intensities, 

i.e., by factors 2 2 or 3 ,  for these periods of observations 

[cf e Davis and Williamson, 19661 . Simultaneous observations 

of the proton spectrums over the entire energy range 

200 eV 4 E 4 1 MeV would be obviously worthwhile in critically 

examining this conclusion 

We have examined several simple functions, including 

power laws and exponentials, with the intent to conveniently 

summarize the present observations of differential spectrums 
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of proton intensities over the energy range 200 eV 4 E 4 1 MeV 

and find that the directional, differential proton spectrums 

can be approximated with reasonable accuracy by 

dJ 
dE where - is the directional, differential intensity of 

protons mirroring at the magnetic equator and K and E, are 

functions of shell parameter L. Values for E, which most 

accurately reproduce the differential energy spectrums for 

the observations at L = 4.5, 5.0 and 6.0 shown in Figure 2 

are 8.0, 6.0 and 3.5 keV, respectively. E, increases with 

decreasing values of shell parameter L. The dashed lines 

are the corresponding calculated spectrums. It should be 

noted here that Davis [1965] has invoked an exponential 

function as a best fit to the Explorer observations of 

directional, inteqral proton intensities mirroring at the 

magnetic equator, i .e 

J ( > E )  = C exp (- E, 
where J(>E) is the directional, integral intensity of protons 

with energy greater than E and C and E, are functions of 

shell parameter L .  Typical values for E, at L = 4.5 and 6.0 
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are 150 keV and 60 keV, r e s p e c t i v e l y ,  This  exponent ia l  f i t  

cannot q u a l i t a t i v e l y  reproduce t h e  p r e s e n t  observa t iona l  

r e s u l t  of  decreas ing  d i f f e r e n t i a l  i n t e n s i t i e s  with decreasing 

energy f o r  pro ton  energ ies  < 5 keV (cf .  Figures  1 and 2 )  e 

The o v e r a l l  continuous cha rac t e r  o f  t h e  proton spec- 

trums over t h e  e n t i r e  energy range 200 e V  4 E 4 1 MeV, i , e , ,  

a broad pro ton  spectrum with a s i n g l e  maximum of d i f f e r e n t i a l  

i n t e n s i t i e s  a t  5 t o  10  keV and monotone decreasing inten-  

s i t i es  with l o w e r  and higher  proton energyp appears t o  

i n d i c a t e  t h a t  t h i s  e n t i r e  pro ton  d i s t r i b u t i o n  i s  r e l a t e d  

v i a  a common source and/or acce le ra t ion  mechanism(s). Hence 

any proposed model or mechanism forwarded t o  account f o r  t h i s  

pro ton  d i s t r i b u t i o n ,  such a s  r a d i a l  d i f f u s i o n  inward from a 

m o r e  d i s t a n t  reg ion  of  t h e  magnetosphere [ c f ,  Nakada, -- e t  a l ,  

1965; Dungey, -- e t  a l ,  19651 o r  a c c e l e r a t i o n  of exospheric 

i ons  v i a  s t o c h a s t i c  resonance i n t e r a c t i o n s  wi th  electromagnet ic  

r a d i a t i o n  [ c f ,  P i z z e l l a ,  1970;  P i z z e l l a ,  -- e t  a l ,  19701, should 

contend with d e t a i l s  o f  t h e  e n t i r e  proton d i s t r i b u t i o n  over 

t h e  energy range 200 e V  4 E 4 1 MeV,  With regard t o  r a d i a l  

d i f f u s i o n  models f o r  a c c e l e r a t i o n  of o u t e r  zone pro tons  we 

no te  (1) t h e  genera l  cha rac t e r  of  t h e  proton spectrums shown 

i n  Figure 2 r e l a t i n g  t h e  e x t r a t e r r e s t r i a l  r ing-cur ren t  proton 



8 

spectrums with the higher energy proton spectrum, E 2 100 keV, 

observed by Davis and (2) the current evidences strongly 

implying that the ring-current and plasma sheet proton dis- 

tributions beyond L 6.5 are the signatures, at least in 

part, of large-scale magnetospheric convection [cf Axford, 

1969; Brice, 1967: Frankl 1970a, b] e On the basis of the 

above comments we suggest that the appropriate source (boundary) 

region for models of radial diffusion of protons into the 

outer radiation zone is not located at the magnetopause as 

previously suggested [cf. Nakada, -- et al, 1965: Hessp 19681 

but in the vicinity of the earthward edge of the quiet-time 

extraterrestrial ring current at L a 6.5 R E .  
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Fiqure Captions 

Figure 1. 

Figure  2 .  

D i rec t iona l ,  d i f f e r e n t i a l  energy spectrums 

o f  pro ton  i n t e n s i t i e s  w i th in  t h e  ex t ra -  

t e r r e s t r i a l  r i n g  c u r r e n t  a t  L = 5.35 and 

5.71 a t  low magnetic l a t i t u d e s  on 1 J u l y  

1966. These pro tons  w e r e  observed a t  

local p i t c h  angles ,  ad (d ipole  f i e l d ) ,  

with m i r r o r  p o i n t s  w i th in  1 5 "  of t h e  

magnetic equator .  The c a l c u l a t e d  d ipo le  

f i e l d ,  Bd, a t  t h e  p o s i t i o n  of  t h e  space- 

c r a f t  OGO-3 i s  a l s o  given f o r  each L-value. 

D i rec t iona l ,  d i f f e r e n t i a l  spectrums of 

proton i n t e n s i t i e s  over t h e  energy range 

200 e V  4 E 6 1 MeV and mir ror ing  a t  t h e  

magnetic equator  a s  compiled from obser- 

va t ions  wi th  OGO 3 [Frank and Owens, 19701, 

Explorer 1 2  [Davis and Williamson, 19661 

and Mariner 4 [ K r i m i g i s  and Armstrong, 19661. 

The o r d i n a t e  s c a l e s  f o r  t h e  proton spec- 

trums a t  L = 4.5, 5 .O and 6 .O have been d i s -  

placed by f a c t o r s  o f  10  a s  noted on t h e  
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Figure 2 .  
(cont . ) left-hand ordinate  sca le ,  i .e e, maximum 

d i f f e r e n t i a l  i n t e n s i t i e s  a re  - 10 protons 

( c m  -sec-sr-eV) a t  Q 10 keV for  each 

spectrum. The horizontal  bars for  each 

measurement ind ica te  the  e f f ec t ive  energy 

bandpasses of the  instruments e These 

observed proton spectrums can be approxi- 

mated with reasonable accuracy over the  

e n t i r e  energy range by the function 

3 

2 -1 

d~ dE a exp [- E*] 
(see t e x t ) .  Appropriate values for  E, 

a r e  8.0, 6.0 and 3.5 k e V  a t  L = 4.5.. 5.0 

and 6 .O, respect ively e 
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